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Surfaces with special wettability have recently aroused heated discussions due to their broad applications among fields ranging from environment,^\[^ [^1^](#advs1751-bib-0001){ref-type="ref"} ^\]^ energy^\[^ [^2^](#advs1751-bib-0002){ref-type="ref"} ^\]^ to biomedicine.^\[^ [^3^](#advs1751-bib-0003){ref-type="ref"}, [^4^](#advs1751-bib-0004){ref-type="ref"}, [^5^](#advs1751-bib-0005){ref-type="ref"}, [^6^](#advs1751-bib-0006){ref-type="ref"}, [^7^](#advs1751-bib-0007){ref-type="ref"} ^\]^ Motivated by natural organisms such as lotus leaves,^\[^ [^8^](#advs1751-bib-0008){ref-type="ref"} ^\]^ the legs of water striders,^\[^ [^9^](#advs1751-bib-0009){ref-type="ref"} ^\]^ the Nepenthes pitcher plant,^\[^ [^10^](#advs1751-bib-0010){ref-type="ref"} ^\]^ etc., a series of researches have focused on developing various functional surfaces with such special wettability.^\[^ [^11^](#advs1751-bib-0011){ref-type="ref"}, [^12^](#advs1751-bib-0012){ref-type="ref"}, [^13^](#advs1751-bib-0013){ref-type="ref"} ^\]^ Among them, slippery liquid‐infused porous surfaces (SLIPSs) have received extensive attention for their stable and defect‐free repellency against multiple kinds of liquids or even liquid arrays.^\[^ [^14^](#advs1751-bib-0014){ref-type="ref"}, [^15^](#advs1751-bib-0015){ref-type="ref"}, [^16^](#advs1751-bib-0016){ref-type="ref"}, [^17^](#advs1751-bib-0017){ref-type="ref"} ^\]^ With such an advantage, SLIPSs have shown great potential in droplet manipulation based applications.^\[^ [^18^](#advs1751-bib-0018){ref-type="ref"} ^\]^ Although they have achieved great success in different areas like catheter drainage and biochemical analysis, etc.,^\[^ [^19^](#advs1751-bib-0019){ref-type="ref"}, [^20^](#advs1751-bib-0020){ref-type="ref"}, [^21^](#advs1751-bib-0021){ref-type="ref"} ^\]^ the existing researches on SLIPSs are generally based on the planar films or the surface of massive solids, and thus greatly limiting their values in the fields that need complicated droplet manipulations. Therefore, the creation of a new slippery material for droplet manipulation in intricate dimensions is sorely demanded.

Here, we propose a novel slippery textile with the desired feature for medical drainage around wounds by using a microfluidic printing approach, as schemed in **Figure** [**1**](#advs1751-fig-0001){ref-type="fig"}. As a promising and versatile method for synthesizing functional materials, microfluidic technology is widely used to prepare microparticles as well as microfibers.^\[^ [^22^](#advs1751-bib-0022){ref-type="ref"}, [^23^](#advs1751-bib-0023){ref-type="ref"}, [^24^](#advs1751-bib-0024){ref-type="ref"}, [^25^](#advs1751-bib-0025){ref-type="ref"}, [^26^](#advs1751-bib-0026){ref-type="ref"} ^\]^ The products are with highly homogeneous morphology and controlled characteristics because the microfluidics can precisely deal with small volumes of fluids in integrated flow channels.^\[^ [^27^](#advs1751-bib-0027){ref-type="ref"}, [^28^](#advs1751-bib-0028){ref-type="ref"}, [^29^](#advs1751-bib-0029){ref-type="ref"}, [^30^](#advs1751-bib-0030){ref-type="ref"}, [^31^](#advs1751-bib-0031){ref-type="ref"} ^\]^ For further creation of functional materials and performing complex applications, the versatility allows microfluidics to combine other strategies like flow lithography, digital controlling technique, 3D printing, etc.^\[^ [^32^](#advs1751-bib-0032){ref-type="ref"}, [^33^](#advs1751-bib-0033){ref-type="ref"}, [^34^](#advs1751-bib-0034){ref-type="ref"} ^\]^ The resultant creations are endowed with abilities of highly precise and adjustable shapes, thus they could be applied in liquid biopsies, organs‐on‐chip, medical diagnostics, environment analyses, etc.^\[^ [^35^](#advs1751-bib-0035){ref-type="ref"}, [^36^](#advs1751-bib-0036){ref-type="ref"}, [^37^](#advs1751-bib-0037){ref-type="ref"} ^\]^ However, to our knowledge, both of the microfluidics and printing technologies have not been utilized in the fabrication of slippery materials. Therefore, slippery materials with specific morphologies and functionalities are highly anticipated by using such novel technologies.

![a) Scheme of fabrication process and wettability of the 3D‐structured slippery PU textile. b) Scheme of the 3D‐structured slippery textile coupled with a VSD device used in temporary abdominal closure (TAC) for wound repair.](ADVS-7-2000789-g001){#advs1751-fig-0001}

In this paper, by employing a simple capillary microfluidic printing method to spin slippery polyurethane (PU) microfibers and print them into 3D‐structured textiles, we achieved the desired slippery textile for medical drainage. The slippery PU microfibers were formed by dispersing liquid paraffin emulsions into the PU pre‐spinning solution for imparting the resultant microfibers with oil‐infused porous surface morphology. Benefiting from the high specific surface areas of the porous structure and slippery property of the filled liquid paraffin, nondestructive and rapid transport of aqueous droplets were observed in single, double or multiple microfiber systems. It was also found that when these SLIPS microfibers were printed into 3D‐structured textile, it could still exhibit excellent slippery capability, enabling the multidirectional droplet transport in complex dimensions. Thus, the 3D slippery microfiber textile coupled with a vacuum sealing drainage (VSD) therapy could significantly enhance the wound exudation drainage efficiency, reduce tissue injury, and prolong the effective service life in versatile wounds management. These features make the slippery microfiber textile ideal for droplet manipulation in biomedical areas.

In a typical experiment, a capillary microfluidic system was used for continuous generation of slippery PU microfibers. The PU solution and the liquid paraffin were mixed in *N*, *N*‐dimethyl formamide (DMF) before they were pumped into the tapered cylindrical capillary microfluidic system. The stream was then flowed into a collection pool full of ethanol solution for fast diffusion of DMF to induce solidification of the PU microfibers (**Figure** [**2**a](#advs1751-fig-0002){ref-type="fig"}‐i). During this period, PU microfibers with liquid paraffin emulsions could be continuously obtained (Figure [2a](#advs1751-fig-0002){ref-type="fig"}‐ii). After collection from the vessel, the microfibers showed a cylindrical structure and high uniformity, which was highly replicated the morphology of the stream (Figure [2a](#advs1751-fig-0002){ref-type="fig"}‐iii). Subsequently, the microstructures of the resultant PU microfibers were characterized by using a scanning electron microscope (SEM), as shown in Figure [2a](#advs1751-fig-0002){ref-type="fig"}‐iv--vii. It was demonstrated that the PU microfibers had not only porous surfaces but also interconnected pores after the liquid paraffin emulsions were removed. This manifested that the liquid paraffin was uniformly distributed on the surface of microfibers due to its low surface energy and water‐insoluble property in the process of DMF dispersion, and at the same time it has been filled inside the microfibers during the fabrication process.

![a) PU microfiber generated from microfluidics. i) Online spinning process of the microfiber. ii) Digital image of continuous microfibers in a vessel. iii) Optical microscopic image of the PU microfiber. iv--vii) SEM images of PU microfiber at iv) surface and v) cross section, and the magnified field of vi) surface as well as vii) cross section. Scale bars are iii) 200 µm, iv,v) 50 µm, vi,vii) 5 µm. b) 3D‐structured slippery PU textile. i) Schematic 3D printing fabrication process. ii) Digital image of the generating process. iii,iv) Optical microscopic image of iii) the overall morphology of PU textile and iv) its connection region. v,vi) SEM images of PU textile at v) surface and vi) cross section. Scale bars are iii) 1 mm and iv--vi) 200 µm.](ADVS-7-2000789-g002){#advs1751-fig-0002}

Furthermore, by using a microfluidic 3D printing method, adjusting the flow rate of fluid to match the movement speed of the nozzle of the 3D printer, these soft and long PU microfibers could be weaved into a 3D‐structured textile (Figures S1 and 2b‐i--iii, Supporting Information). Because the diffusion rate of DMF was slower than the weaving rate of the microfiber, the solidification of the microfiber did not complete when it was constructed into the 3D structure, resulting in the good connections between each layer of the textile that it could not be easily separated (Figure [2b](#advs1751-fig-0002){ref-type="fig"}‐iv). From the SEM images of the textile, it could be found that the textile could not only keep the same structure as it was printed but also maintain the characteristics of the single slippery microfiber (Figure [2b](#advs1751-fig-0002){ref-type="fig"}‐v,vi). Benefiting from the controlled flow rate of pre‐mixed solution and orifice diameter of the capillary, the diameter of the resultant PU microfiber could be easily tailored (Figure S2, Supporting Information). Similarly, the programmable manipulations of microfluidic printing process enabled the feasible control over shapes and sizes of the textile (Figure S3, Supporting Information). It could be shown that various shaped textiles ranging from a nonangular heart to a polygonal shape with more angularities could be achieved. In order to explore the application value of the fabricated slippery PU microfibers and textiles, tensile tests were conducted. It was found that both the slippery PU microfibers and textiles had good tensile property due to their porous structure, as shown in Figures S4--S7 (Supporting Information).

Taking advantage of the high specific surface area coming from the porous structure of the microfiber and slippery property of the filled liquid paraffin, the resultant microfibers exhibited typical properties of the SLIPS, such as low surface free energy and low adhesion force, etc., which were important factors for nondestructive and rapid aqueous droplets transport (Figure S8, Supporting Information). This was firstly observed on a single microfiber, where liquid of virtually any surface tension was repelled on the surface of the microfiber and rapidly slipped down the microfiber (**Figure** [**3**a](#advs1751-fig-0003){ref-type="fig"} and Movie S1, Supporting Information). The slip velocity of different kinds of liquids including deionized water and other liquids such as PBS buffer and simulated blood at different tilt angles was also measured, where an increased tilt angle of the microfiber resulted in an increased slip velocity. (Figure [3d](#advs1751-fig-0003){ref-type="fig"} and Figure S9, Supporting Information). Moreover, the transport ability of droplets in two microfibers systems was also investigated (Figure [3b](#advs1751-fig-0003){ref-type="fig"} and Movie S1, Supporting Information). It could be found that the droplet slid down along the upper microfiber smoothly without being disturbed by the node due to low adhesion, and this would not be affected by different assembly nodes and the angles (Figure S10a,b, Supporting Information). To demonstrate the droplet transport ability of these microfibers in 3D space environment, multiple slippery microfibers were interweaved (Figure [3c](#advs1751-fig-0003){ref-type="fig"} and Movie S1, Supporting Information). It was worth mentioning that the microfiber located on the uppermost layer had a certain angle with the plane formed by the first two crossed microfibers to construct stereoscopic space. The result was similar to that in single or two microfiber system, where the droplet slipped down along one microfiber and the slip process would not be interfered by the node. Also, the slip velocity in these different node‐angle microfibers systems were studied (Figure [3e](#advs1751-fig-0003){ref-type="fig"} and Figure S10c, Supporting Information), which showed the same trend as that in the single microfiber system. The above results showed that the droplets could slide down unimpededly in different microfiber‐assembled systems, indicating the 3D droplet manipulation ability of these assembled PU microfibers.

![a--c) Scheme and real‐time images of aqueous droplet slipping in a) single, b) 30° crossed double and c) multiple microfibers system. d,e) The relationships between slip velocity of droplet and d) tilt angle of single microfiber, e) inclination angle of two crossed (yellow) as well as three crossed (blue) fibers.](ADVS-7-2000789-g003){#advs1751-fig-0003}

Since the slippery textiles were generated by assembling the microfibers through 3D printing technology, each contact surface of the 3D stereoscopic structured textiles was endowed with superb slippery property. The surface wettability of the textile was first investigated. It was found that the aqueous droplet contact angle on the surface of slippery textiles with liquid paraffin‐infused was 86.355° while that of the common textiles without liquid paraffin infused was 114.008° (**Figure** [**4**a](#advs1751-fig-0004){ref-type="fig"}). Besides, the sliding angle of the aqueous droplet was only 6° on the slippery textiles but increased to 85° on ordinary textile, indicating the slippery textile had a better droplet manipulation property. In addition, the water contact and sliding angle on the surface of slippery textile remained almost unchanged after textile being immersed in the PBS buffer for 8 days (Figure S11, Supporting Information). Notably, 3D droplet transport capabilities of the slippery textile were also investigated. First, no residue was found when the droplet slid down the surface of the inclined slippery textile (Figure [4b](#advs1751-fig-0004){ref-type="fig"}‐i and Movie S2, Supporting Information), which should be resulted from the fact that the slippery surface of each microfiber would verify the unimpeded transport of the aqueous droplet. Moreover, the slippery textile showed excellent performance in stereo transport of aqueous droplet (Figure [4b](#advs1751-fig-0004){ref-type="fig"}‐ii and Movie S2, Supporting Information). It could be found that a large aqueous droplet infiltrated through the textile smoothly without any residue under the existence of a negative pressure attraction. This should be ascribed that the slippery surfaces and good connection between microfibers allowed the successful and non‐destructive droplet transport in the 3D construct.

![a) Contact angles and droplet sliding images of i) liquid paraffin infiltrated porous PU textile and ii) common porous PU textile without liquid paraffin infused. b) Schematic and real‐time images of the droplet i) slipping on the inclined slippery PU textile surface, and ii) infiltrated through the PU textile under the existence of a negative pressure attraction.](ADVS-7-2000789-g004){#advs1751-fig-0004}

To demonstrate the practical value of the slippery textile, it was used for managing severe surface wound. In this situation, large quantities of tissue effusion are produced continuously, leading to frequent change of wound dressings to avoid infections. Thus, vacuum sealing drainage technique is developed to replace wound dressings to reduce the burden on medical personnel.^\[^ [^38^](#advs1751-bib-0038){ref-type="ref"}, [^39^](#advs1751-bib-0039){ref-type="ref"} ^\]^ However, the therapeutic effects of the VSD are limited by the fact that sponge applied to the wound surface may be polluted by impurities in exudation, and may induce bleeding when being removed as the granulation tissues could directly regenerate into the sponge. These drawbacks could be remedied by the assistance of slippery textile we present. Before application, biocompatibility of the slippery textile was investigated (Figure S12, Supporting Information). The results showed that the 3D printed slippery textile showed great biocompatibility. In addition, an infected full‐thickness skin defect rat model was constructed to simulate the wound effusion condition. Then, the slippery textile was placed between the PU sponge and wounded tissue, followed by subsequent negative pressure device. After 3 days of common VSD, the wound surface treated by slippery textile‐assisted VSD was well cleaned and drained, and the surface of the slippery textile was free of liquid or other impurities (Figure S13a and Movie S3, Supporting Information). During this period, the slippery textile could keep clean while enhance therapeutic effects by separating the contaminative sponge from the wound bed to avoid superinfection. To test the wound healing performance, Hematoxylin and eosin (H&E) staining and Masson staining were conducted after 1 week. It was suggested that the back wound healed well and the negative pressure device promoted angiogenesis (Figure S13b--e, Supporting Information).

Apart from surface wound, the value of the slippery textile assisted‐VSD on exposed organ was further evaluated. The Food and Drug Administration (FDA) has forbidden the application of VSD on exposed organ as the direct contact of sponge to organ surface may cause many complications, such as bleeding, infections, abrasion, etc. As an alternative, in the management of exposed bowels after open abdomen, a vacuum‐assisted closure system (V.A.C.) was developed with an additional micro‐perforated plastic film to separate sponge and bowels to avoid their direct contact. However, many countries cannot obtain the V.A.C. and the effects of plastic film are limited to some cases. In this paper, an open‐abdomen model was established through wiping out part of the abdominal wall to expose bowel to the air. Afterward, the slippery textile was applied to cover the whole bowels followed by the VSD, as shown in **Figure** [**5**a](#advs1751-fig-0005){ref-type="fig"}. It was demonstrated that the effusion drainage process in the abdominal cavity was efficient (Figure [5b](#advs1751-fig-0005){ref-type="fig"} and Movie S3, Supporting Information). Hematoxylin and eosin (H&E) staining and Masson staining were conducted to test the protective effects of slippery textile on bowels. No abrasion was observed in the slippery textile‐assisted VSD group as serosa or muscle almost kept integrated. In contrast, in the common VSD group, the serosa and muscle of the bowel were broken severely and may be potential for fistula (Figure [5c](#advs1751-fig-0005){ref-type="fig"}). SEM images and optical images showed the same results (Figure S14, Supporting Information). These results indicated the slippery textile could performed excellently in versatile wound management applications.

![a) Scheme of slippery PU textile applied for abdominal wound repair. b) Images of repairing process using slippery textile‐assisted VSD. Scale bar is 1 cm. c) SEM, H&E staining and Masson staining images of i--iii) normal intestinal tissue, iv--vi) abraded intestinal tissue in common VSD condition, and vii--ix) protected intestinal tissue in slippery textile‐assisted VSD condition. Scale bars are i,iv,vii) 20 µm and ii,iii,v,vi,viii,ix) 100 µm.](ADVS-7-2000789-g005){#advs1751-fig-0005}

In summary, we proposed a slippery textile for medical drainage by employing a simple capillary microfluidic printing method to spin slippery polyurethane microfibers and print them into 3D‐structured textiles. Due to the pre‐dispersion of liquid paraffin into PU solution, the resultant microfibers were imparted with oil‐infused porous surface morphology. Taking advantage of the porous structure and slippery property of the filled liquid paraffin, non‐destructive and rapid transport of droplets could be achieved on the surface of single, double, multiple microfibers. It was demonstrated that the multidirectional droplet transport in complex dimensions could be achieved when these SLIPS microfibers were constructed into stereoscopic structured textile through 3D printing technique. Consequently, the 3D slippery microfiber textile coupled with a VSD therapy could significantly enhance the medical drainage and treatment efficiency, reduce tissue injury, and prolong the effective service life in versatile wounds management. These features indicate the slippery microfiber textile will be the most promising candidate in droplet manipulation in biomedical fields.

In the recent decades, materials with specific surface properties inspired by nature creatures have been arousing wide concerns all over the world. Among them, SLIPSs have stood out in droplet transport due to their state‐of‐the‐art surfaces with stable and defect‐free repellency against multiple liquids or even liquid arrays. However, most researches were focusing on the planar films or the surface of massive solids and few experiments have been focusing on SLIPS with 3D structures. This limited the complex applications especially the biomedical applications in real life, which is much more complex than the existed droplet transport situations. Therefore, we proposed a 3D stereoscopic structured slippery textile from the capillary microfluidic printing method, which demonstrated their advantages over 3D droplet transport in medical drainage. In addition, more complex structures will be generated according to future demands. Based on these excellent characteristics, such slippery textile is also potential in pollution cleaning, biological detection, droplet collection, etc. To implement these values, future endeavors will be focused on improving their repeatability and realizing integration with other platforms.
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